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Alloy Steels for Chemical Plant. 


THE importance of a full knowledge of the behaviour 
of steels under the difficult conditions existing in 
certain chemical processes was fully brought out in 
the discussion at the Institution of Mechanical Engi- 
neers on November 16th, when a very interesting 
paper by A. T. Barber and A. H. Taylor on “ High- 
pressure Plant for the Hydrogenation Processes,” 
was read. The authors dealt with the experience 
gained with different items of plant during their 
experimental work at the Fuel Research Station, 
Greenwich. Whilst the paper contains much of 
interest, the discussion turned largely upon the 
question as to how far hydrogen attack of the steel 
of the pressure vessels occurred and the extent to 
which such attack could be countered by modifica- 
tion in the composition of the steel. The subject is 
a big one, and by no means new, for the hydro- 
genation processes have of late years caused a good 
deal of research to be focussed upon the problem, both 
at home and abroad. 

Investigators working in this field will remember 
the paper given before the Iron and Steel Institute 
in September, 1933, by Inglis and Andrews, in which 
experiments with steels covering a variety of com- 
positions were described. It is always difficult 
experimentally to reproduce fully actual service 
conditions, and Inglis and Andrew passed hydrogen 
at the pressures studied through tubes made of the 
steels which were being tested. Very valuable data 
resulted. This work was done in the Research 
Laboratories of the Imperial Chemical Company, 
and was the basis of the specifications for the important 
hydrogenation plant which is being installed at 
Billingham at the present time. If the results of 
Barber and Taylor, Inglis and Andrews, Wilton and 
Dixon, S. M. Norwood, A. Fry, and others, who 
preceded them, are studied, certain well-established 
facts are brought out as regards the action of hydro- 
gen. It was early shown that at comparatively low 
temperatures a hydrogen atmosphere resulted in 
decarburisation. When the behaviour of steel in 
modern processes, such as the one under considera- 
tion, is being discussed, the subject becomes involved. 
Whilst the composition of the particular gaseous 
atmosphere under study is the determining factor, 
we have also to consider the effect of temperature, 
of pressure in relation to its influence upon the 
reaction between the atmosphere and the steel, and 
the effect of stress induced in the steel by the pres- 
sures employed. These factors must be suitably con- 
trolled at selected values, with a view to obtaining 
comparable results when steels of differing analyses, 





and in different heat-treated eonditions, are being 
experimented with. 


It seems to be established firmly that 
(a) Hydrogen attack increases with temperature. 
(b) The attack increases with pressure. 
(c) Much can be done to resist the attack by con- 
trolling the composition and structure of the steel. 


Generally speaking, steel is always more resistant 
as the structure is smaller in grain size, the optimum 
condition being that resulting from hardening and 
tempering. Mild carbon steel is by no means resistant 
at temperatures much over 200 deg: Cent. The 
ordinary better-known alloy steels carry the resist- 
ance (according to Inglis and Andrews) up to 300 deg. 
to 350 deg. Cent. at 250 atmospheres. There is a 
concensus of opinion confirming the utility of chro- 
mium alone, and in the presence of small quantities 
of other elements, such as molybdenum, tungsten, 
and titanium, with up to 6 per cent. chrémium, with. 
the steel in the treated condition temperatures up 
to 500 deg. Cent. appear to be successfully resisted. 
The acid test of all these results is that of service con- 
ditions, and practice appearsto confirm the deductions. 

To, emphasise still further the difficulty of the 
problem, however, two other aspects of the matter 
should be discussed. In the first place, these special 
steels may be required in many forms, including 
hollow forgings of huge capacity and great weight, 
or tubes weighing a pound or two per feo$; and, in 
the second place, the engineer mequires certain test 
results in the cold for checking dpa on reception. 
The diverse processes of fabricatlon are reflected in 
the ultimate test results, partieularly as a result of 
the effect upon the lay-out and fharacter of the 
structure. Therefore, the problem \of the production 
of suitable steel units for particular processes, whilst 
involving the selection according to ‘chemical resist- 
ance, demands a correlation of the processes 6f manu- 
facture and a very definite understanding of per- 
missible intrinsic properties when, not subjected to the 
working conditions. , 

Space does not permit, nor do the data exist, for 
an adequate discussion here of the “hare” raised 
by Professor C. H. Lander in the discussion at the 
Mechanicals when he discussed the possibility that, 
at the high temperatures and pressures now em- 
ployed in steam generation, dissociation into hydrogen 
and oxygen might occur. There is now an increasing 
volume of practical evidence obtained under service 
conditions which points to the view that,if slight 
dissociation does in fact occur, the effect upon the 
steel is negligible. Years of further patient explora- 
tion of the whole of this field will be réquired before 
the designing engineer can be other*than generous 
as regards the factor for “ ignoranée,” which he 
includes in his factor of safety. 





178 









SUPPLEMENT TO THE ENGINEER, Dec. 28, 1934. 





The Metallurgy Research Board. 





In a previous article (THE METALLURGIST, June, 
1934), an account was given of the efforts which were 
being made by the Metallurgy Research Board of the 
Department of Scientific and Industrial Research to 
bring together, in a single programme, the problems 
of general interest to the metallurgical industries 
which most require investigation. 

This programme was discussed with many repre- 
sentatives of industry, and as a result of this discus- 
sion it became clear that, whilst certain investigations 
could be put in hand immediately, others could only 
be dealt with satisfactorily by arranging for the 
co-operation of those who had actually conducted 
work on the subject and of others whose practical 
experience would assist in deciding on the lines of 
research. 

Several of the problems named in the list which 
was circulated were already under investigation in 
various laboratories. A few important subjects were 
selected as suitable for preliminary discussion in 
informal conferences. Such conferences could not, 
from the nature of the case, be fully representative, 
but an effort was made to bring together persons who 
were known to be actively engaged in research in the 
given field, or who had in the past contributed to our 
knowledge of it by published work. 

The first conference of this kind was called to 
consider the question of gases in metals. The influ- 
ence of gases on the properties of metals, and the 
methods of removal of gases are subjects calling for 
further research, and were discussed informally by 
representatives of industry, of the universities, and 
of Government laboratories. Agreement has been 
reached in regard to the directions in which further 
work is required for each of a number of important 
metals, and some consideration was given to the 
theoretical aspects. The members of the Conference 
will meet again to review the results since obtained. 

A conference of research workers and industrial 
representatives discussed the production of “‘ super- 
refractories,’ that is, of materials capable of with- 
standing temperatures higher than those of the 
ordinary refractory materials used in industry, whilst 
resisting the action of molten metals and slags. 
Impermeability towards gases at a high temperature, 
although difficult to attain, is also highly desirable. 
Work at the National Physical Laboratory has led 
to the production of satisfactory materials for 
crucibles, thermo-couple tubes, and similar purposes, 
but these are not obtainable commercially. It became 
clear that there would be a considerable industrial 
demand, in addition to that from research labo- 
ratories, for such materials if they were available. 
The result of the conference has been to make it 
probable that commercial production of at least some 
of the articles may be undertaken. 

A conference of research workers considered the 
oxidation of heated solid metals. Several distinct 
lines of research converge on this subject, and it was 
decided that a general review of the work already 
accomplished was desirable. Members of the con- 
ference undertook the preparation of the several 
sections of the review, which it is hoped to complete 
at an early date. 

Research on welding is in progress in many quarters, 
some of it being directed by committees which work 
independently of one another. Co-ordination seemed 


to be highly desirable, but in this instance a rather 












different procedure has been adopted. A public 
symposium will be held in the New Year under the 
auspices of the Iron and Steel Institute, which will 
afford an opportunity of obtaining the experiences 
and views of a number of experts. The proceedings 
will be published, and will subsequently be discussed 
at a conference, which should make it possible to 
decide on the most suitable lines of further research. 

Arrangements are also being made, in co-operation 
with industry, for a preliminary investigation of 
possible methods of making quantitative tests of the 
surfece finish of metals. 

Wherever possible, the Boerd is attempting to 
mobilise existing knowledge and experience, both as a 
preliminary to further investigation and as a means 
of extending available information, and the fullest 
co-operation has so far been afforded by the repre- 
sentatives of the industries concerned. 








J. H. S. Dickenson. 


METALLURGISTS in. all parts of the world heard with 
regret of the untimely death on November 16th of 
Mr. J. H. 8. Dickenson, who was the first scientist to 
investigate the phenomenon of “creep,” and was 
metallurgist-in-chief to the English Steel Corporation 
and a special director of Vickers. He was only fifty- 
two years of. age, and his death occurred suddenly. 
As an obvious corollary to his work upon creep he 
took up a research into the constitution of steels 
which would resist this kind of plastic flow, and in 
that and many other directions contributed largely 
to the improvement of industrial steels. In this 
connection his work for the automobile industry 
should be especially mentioned. For it he was 
awarded in 1916 the Crompton Medal of the Institu- 
tion of Automobile Engineers. His advice and help 
was freely sought in connection with problems of 
national importance. Thus, for the Iron and Steel 
Institute he was Vice-Chairman of the Heterogeneity 
Committee and the Corrosion Committee; he did 
much work for the British Standards Institution 
on various committees ; a few years ago he was made 
a member of the Admiralty Committee appointed 
to supervise work on steel castings at Woolwich ; 
and he was recently elected a member of the Research 
Council of the Federation of British Iron and Steel 
Manufacturers. Steel metallurgy and the steel 
industry is a great loser by his death at an age when 
still further contributions of the first importance 
might have been expected from him. 








The Hardness of Single Crystals 
of Tin. 


In a recent paper by E. Schmid, entitled ‘‘ Die 
Zerspanbarkeit von Zinneinkristallen ’’ (Metallwirt- 
schaft, 13, 1934, 301), an account is given of an 
investigation of the variation with orientation of the 
resistance of single crystals to cutting under impact. 
The apparatus used by the author to measure the 
‘** Zerspanbarkeit ’’ — literally ‘‘ chipability ’’ — was 
that devised by W. Leyensetter (Maschinenbau, 6, 
1927, 1177), and used by him to test the wear of 
impact cutting tools and the capacity for working 
of a number of metals and alloys. The apparatus—see 
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diagram—consists essentially of a pendulum carry- 
ing at its lower end a cutting tool of semi-circular 
cross section. The point of suspension of the pendu- 
lum is adjusted so that the cutting tool just touches 
the surface of the specimen when the pendulum is at 
the bottom of its swing. The pendulum is then drawn 
aside, thus imparting to it a known potential 
energy, and the point of suspension is lowered through 
a small, measured distance. On being released, the 
pendulum descends and the tool cuts a chip from the 
specimen. The volume of the resulting indentation 
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in the surface of the specimen is calculated from micro- 
scopical measurements of its dimensions. The strik- 
ing energy of the pendulum is divided by the volume 
of the indentation, and the result taken as a measure 
of the cutting resistance of the material. 

In Schmid’s investigation the cutting tool employed 
was of steel, and the lowering of the point of suspen- 
sion of the pendulum was through 0-25 mm. The 
tin crystals used were produced from the molten 
state by Obreimow and Schubnikow’s method 
(Zeits. f. Physik, 25, 1924, 31), and were in the 
form of thin plates about 85 mm. by 14 mm. by 2 mm. 
Nineteen specimens of varying crystallographic 
orientations were tested, and in each instance inden- 
tations were made at a number of angles with respect 
to the longitudinal axis of the specimen. Results 
are stated to be reproducible within 2 to 6 per cent. 

Whilst the “ Zerspanbarkeit ” for tin aggregates 
was found to be 3-09 x 10° erg/mm.?, the mean value 
for all angles on all the single crystals tested was 
2-74 10° erg/mm.? In general, tests made in 
crystallographically equivalent directions in the 
same. specimen did not give the same result, the varia- 
tion being often as much as 8-12 per cent., and in 
one instance 27 per cent. It appears therefore that 
the resistance to cutting depends not only on the 
direction of the cut on the surface, but also on the 
position of the plane of the cut with respect to the 
crystallographic axes of the crystal. Thus when 
there was a plane of symmetry perpendicular to the 
surface of the specimen, the polar diagram of cutting 
hardness was also symmetrical about the trace of 
this plane of symmetry. In particular, when the 
plane of symmetry was a (110) plane, the diagram 
was approximately a square with its sides parallel 
to the tetragonal axis lying in the plane of the sur- 
face. No simple relation could, however, be found 
between orientation and cutting hardness. 

It is difficult to compare these results with other 














work on the hardness of single crystals, since little 
work has been done either on similar lines, viz., 
cutting under impact, on other metals or in the 
study of the hardness of tin crystals by more normal 
methods. The average cutting hardness of tin 
crystals is only slightly lower than that of the poly- 
crystalline metal. Determinations of the ball hard- 
ness of other metals have indicated that in certain 
cases, e.g., iron and copper, the variation of hardness 
with grain size is very large, so that the hardness of 
the single crystal is presumably much lower than that 
of the aggregate, whilst in the case of aluminium prac- 
ticaliy no difference exists. The impact cutting hard- 
ness of tin has been shown by Schmid to be by no 
means isotropic. Similar anistropy has been shown 
to occur in the scratch and ball hardness values of 
crystals of several other metals. 








Microscopic Cracks in Hardened 
Steel. 


THE cracking of carbon steels on quenching to 
induce hardness is commonly experienced, and means 
of minimising it are known and practised. The 
occurrence of such cracking indicates the presence 
of high stresses which, in some measure, are due to 
thermal contraction. The existence of micro-cracks 
in hardened steel, as distinct from this coarse obvious 
cracking, has been demonstrated by Rawdon and 
Epstein and by Lucas. They are supposed to result 
from dimensional changes within the austenite 
grains during the stepwise transformation to mar- 
tensite. Following an earlier investigation by E. S. 
Davenport and E. C. Bain on the rates of transforma- 
tion in steel, in which indications were obtained that 
the products of transformation at temperatures not 
normally used might possess unusual properties, a 
study has been made by E. S. Davenport, E. L. 
Roff, and E. C. Bain on the effects and elimination 
of micro-cracks, and is reported in the April issue of 
the ‘‘ Transactions” of the American Society for 
Metals. 

In order to assess the effect of the cracks, specimens 
were prepared which were identical in respect of 
composition, grain size, heating temperature, and 
final hardness, and which differed only by the pre- 
sence or absence of micro-cracks. The method of 
preparing steel free from cracks and possessing a 
hardness approaching, but not quite equalling, 
that of pure untempered martensite, consists of 
allowing the steel to transform directly from austenite 
to the desired product without passing through the 
intermediate stage of hard martensite. This is 
effected by quenching the steel from the austenitic 
state directly into a bath of high heat-abstracting 
power maintained at such a temperature that 
martensite is not produced, and allowing it to remain 
in the bath for a sufficient time to permit of the 
complete transformation of the austenite, for if 
prematurely cooled to room temperature any remain- 
ing austenite would be transformed to martensite. 
By this method the products of direct austenite 
transformation at constant temperatures above about 
200 deg. Cent. are free from micro-cracks. Specimens 
of quenched and tempered steel of the same hardness 
for comparison, and containing micro-cracks, were 
obtained by a suitable time-temperature combination 
in tempering. In many cases short-time tempering 
at higher temperatures yields a tougher product 
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than longer times at lower temperatures. The pro- 
perties of specimens of identical composition—a 
carbon steel containing 0-74 per cent. carbon, 0-37 
per cent. manganese, 0-145 per cent. silicon, 0-039 
per cent. sulphur, and 0-044 per cent. phosphorus— 
hardened by the direct austenite transformation 
process, and by quenching and tempering, are shown 
in the accompanying table from which it will be seen 


Quenched and 


Directly trans- 
tempered steel. 


formed steel. 


Rockwell C. hardness 50-4 50-+2 
Ultimate strength (lb. per 

BG.) 3. 4. +s oe BOa TOO 246,700 
Yield point (Ib. persq.in.). 151,300 121,700 


Elongation (per cent. in 

Wie eSct er ee ae ee O, “Penesied BORE 
Reduction in area (per 

Se ee ee ee ee 0-7 
Impact* (ft.-lb.) ee ee eT 2-9 

* Ft.-Ib. absorbed in breaking 0-180in. round, unnotched 
specimens. 
that although of similar hardness, the former specimen 
has greatly superior properties, especially with 
regard to toughness and ductility. The directly 
transformed crack-free steel was heated for five 
minutes at 790 deg. Cent., quenched into a lead 
alloy bath at 305 deg. Cent., in which it was held for 
fifteen minutes, and then quenched in water. The 
other steel containing micro-cracks was heated for 
five minutes at 790 deg. Cent., quenched in oil at 
21 deg. Cent., and immediately tempered in a lead 
alloy bath at 315 deg. Cent. for thirty minutes, 
and then quenched in water. The difference in 
ductility resulting from the two different methods 
of hardening decreases as the hardness of the 
specimens approaches that of fully hardened steel, 
about 60-65 Rockwell C, and as it approaches the 
hardness of softened steel, about 40 Rockwell C. 

The grain size of the austenite, or the condition 
responsible for grain-growth tendency, is one of the 
most important factors affecting the nature of heat- 
treated steel, and it has been shown that an increase 
in the austenitic grain size influences the hardenability 
of the steel in much the same manner as alloying 
elements, which also retard transformation, and so 
increase hardening capacity. In correlating grain 
size with severity of micro-cracking, the total length 
of all cracks within an area of 1 square millimetre 
was measured, magnifications of 1000 to 1500 dia- 
meters being employed. The éxtent of the cracking 
in quenched steel increases with the coarsening of 
the austenitic grain, and the impact strength decreases 
with increasing severity of cracking and increasing 
grain size. In order to ascertain the effect of grain 
size and intensity of cracking, separately, on impact 
strength, a 0-85 per cent. carbon steel was hardened 
to 50 Rockwell C by the two methods so as to obtain 
by each a series of four austenitic grain sizes. The 
results of impact tests on these specimens indicated 
that although large grain size impairs the ductility 
of crack-free hardened steel, the influence of micro- 
cracks is large in comparison with the effect of grain 
size only. The micro-cracks are visible only after 
etching, and, hence, the alternative name of etching- 
cracks, which is sometimes used in describing them. 
No direct evidence has been obtained that they exist 
in freshly quenched steel before etching. The cracks 
are so small that it is quite probable that they would 
be obscured by the layer of polished metal. The 
evidence suggests that in some instances the cracks 
are formed in the martensite prior to etching, but 
probably they more often mark positions of high 
stress concentration where micro-cracks have occurred 
when the balance of stress has been slightly altered. 











Although no cracks develop when a 0-74 per 
cent. carbon steel is hardened at 315 deg. Cent. 
when the transformation to acicular troostite with 
a Rockwell C hardness of about 50 requires about 
fifteen minutes for completion, or when a 1-15 per 
cent. carbon steel is hardened over a period of from 
fifteen to twenty hours at 200 deg. Cent., with a 
resulting hardness of 63 Rockwell C, micro-cracks 
occur if the steels are quenched in brine before the 
completion of the transformation. Micro-cracks 
were found in a specimen quenched from 200 deg. 
Cent. when about 80 per cent. of the austenite was 
still unchanged, but if the transformation were 
allowed to proceed further until about 40 per cent. 
of the austenite had been transformed, no micro- 
cracks were found in the martensite. As in other 
instances, where hard martensite is associated with 
more plastic substances, such as fine pearlite or 
acicular troostite, it seems possible that when the 
complex dimensional changes occur which accompany 
the formation of martensite, they can be accom- 
modated by the plasticity of the other phase, and 
cracking is thus prevented. The majority of the 
micro-cracks have been found to run approximately 
at right angles to the principal axis of the martensite 
needles or plates from which it would appear that the 
stress giving rise to them is one of tension in the 
direction of the axis. Gross quenching cracks, as 
distinct from micro-cracks, are generally inter- 
crystalline with respect to the original austenite 
grains, and probably result from stresses of wide 
extent. Steels which are sensitive to micro-cracking 
are also prone to gross or coarse cracking. 








The Effects of Hydrogen in Steel. 


No. II. (continued from October issue). 


2.—PENETRATION OF STEEL BY BRASS DURING 
BRAZING, AND THE EFFECT OF PREVIOUS 
PICKLING. 

Cracks, filled with brass, have often been observed 
in steel articles after brazing, and they have attracted 
the attention of numerous investigators. A wide 
range of products, such as bicycle frames, motor 
cycle and aircraft parts, is affected, and the matter is 
of considerable practical importance. Pre-existing 
internal stresses in the steel, or externally applied 
stresses, have generally been assumed to be chiefly 
responsible for the failures on brazing. Schottky, 
Schichtel, and Stolle! observed the penetration of 
steel by molten brass when the former was in tension. 
Riede? obtained the same result in steel in a state of 
internal stress due to cold work, but found that 
normalising before brazing prevented the cracking 
and penetration. On the other hand, Albert? and 
Kreitz! reported cracks after brazing steel parts 
which they believed were free from stress, internal or 
external. 

The observations of the damage caused by the 
absorption of hydrogen by steel and its subsequent 
removal’ suggested that there might be some signifi- 
cance in the fact that in most cases articles which are 
to be brazed are previously pickled in acid. The first 





1 Schottky, Schichte, and Stolle; Arch. Hisenhiittenwes. 4, 
(1930/31), 541/7. 

2 Riede ; Stahl u. Hisen, 49 (1929), 1161/62. 

3 Albert ; Stahl u. Eisen, 50 (1930), 1403/04. 

4 Kreitz: Stahl u. Eisen, 51 (1931), 1118/19. 

5 See Part I of this review-abstract. 
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part of the investigation showed that the permanent 
embrittlement thus produced was dependent on the 
amount of gas originally absorbed and the rate at 
which it was released. In view of the vigorous 
evolution of hydrogen on immersing a “ gassed ”’ 
specimen in boiling water, as compared with the 
slower liberation at room temperature, it is natural to 
assume that an extremely violent action must occur 
when steel similarly charged with hydrogen is 
immersed in molten brass at about 1000 deg. Cent., 
and that in the latter case there must be a much 
greater risk of a severe disturbance of the structure of 
the steel. 

The hydrogen generated at the surface of steel 
during pickling, being in the atomic form, can dissolve 
in the metal ; a portion of it, therefore, diffuses into 
the steel. The diffusing hydrogen only remains in 
the atomic state so long as it is in solution in the 
crystals of iron ; it changes into molecular hydrogen 
as soon as it passes out of solid solution. This may 
occur through the hydrogen penetrating to an internal 
cavity in the steel, or any other discontinuity of 
metal, such as a region of imperfect intercrystalline 
contact, or the boundary between a non-metallic 
inclusion and the surrounding metal. The molecular 
hydrogen thus forming in such: regions does not 
diffuse to any appreciable degree through iron at 
normal or slightly higher temperatures. Owing to 
the continued diffusion of atomic hydrogen to these 
internal crevices, and its conversion there to the 
molecular form, which cannot escape by re-diffusion, 
the gas accumulates and generates high pressures. 
Pressures of 300 atmospheres arising in this way have 
been measured, and the present authors believe that 
pressures of many thousands of atmospheres can be 
developed. 

The absorption of hydrogen by steel during elec- 
trolysis or pickling is frequently accompanied by 
audible crackling, and distortion of coils of wires is 
also observed. All these circumstances lead to the 
view that the internal disturbance which is respon- 
sible for hydrogen embrittlement is worthy of at 
least the same consideration as the effects on the 
internal structure of forces resulting from stresses 
caused by cold work or non-uniform heating, or 
externally applied. 

Four steels were used in the present investigation, 
in the form of wires. They were charged with 
hydrogen, in some cases by electrolysis in decinormal 
sulphuric acid, and in others by pickling in hydro- 
chloric acid, diluted in the proportion of 2:1, as is 
usual in commercial practice. The hydrogen contents 
of the various samples are shown in Table I. 











TABLE I. 
| 
Sample. | Diameter, | Carbon, | Hydrogen content, 
} mm. per cent. | cub. em./100 gm. 
cadet tae = * ss 
. ‘ | | f 61-7 
K 3 0-04 1/1 59-3 (coarse-grained) 
DU 4 0-05 tae 
B 1 4 | 0-48 9-6 
B2 2 |} 1-05 27-9 


The molten brass into which the samples were 
dipped was maintained at 1100 deg. Cent. 

Preliminary tests were made with hydrogen-free 
samples of material K, in the “as received ”’ con- 
dition and also after heat treatment to induce coarse- 
grain growth. These were immersed in the molten 
brass for one minute and then either quenched in 
water or cooled in air. The usual etching of sections 
with ammonia solution failed to reveal any penetra- 








tion of brass visible at 500 diameters magnification. 
On etching to develop the grain boundaries, small 
tuft-like inclusions of brass could be seen in the steel, 
but only to a depth not exceeding 0-01 mm. Varia- 
tions in the duration of immersion in the brazing 














SSelh 


Fic. 13—Wire (Steel K) Immersed in Molten Brass After 
Charging with Hydrogen. Etched in Picric Acid. Magnifica- 
tion 500 Diameters. 


bath and in the rate of cooling had no effect on the 
depth or character of the penetration. 

Pieces of the same wire were charged cathodically 
with hydrogen and were then immediately dipped in 
the brass for four seconds and quenched in water. All 




















Fic. 14—Another Area of the Same Specimen as Fig. 1, Showing 
kes of Brass. Magnification 500 Diameters. 


these showed penetration of the brass to an appre- 
ciable depth, asillustrated in Figs. 13and 14. Theinter- 
crystalline path of the penetration to a depth of 
0-3 mm. was clearly evident, and in many cases these 
veins opened out into lakes filled with brass. 
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In another series of experiments on the same steel 
the wires were ‘“‘ gassed ”’ and the hydrogen was then 
immediately driven out by heating for twenty 
minutes to 500, 200, 150, and 100 deg. Cent. The 
slight surface oxidation caused during this heating 














Fic. 15—Material DU, Bent while Covered with Molten Brass ; 
No Hydrogen Treatment. Etched in Ammonia Solution. 
Magnification 100 Diameters. 


was removed by pickling for one to five seconds, and 
the samples were then immersed in the brazing metal. 
Marked penetration occurred in all cases, the depth 
having no relation to the temperature at which 
degassing had proceeded. The microstructural 











Fic. 16—Carbon Steel B2 Immersed in Brass without Hydrogen 
Treatment. Etched in Ammonia Solution. Magnification 
500 Diameters. 


features were the same as those shown in Figs. 13 and 
14, and similar results were obtained in samples which 
had been degassed by resting at room temperature for 
eight weeks. 












Specimens were also charged with hydrogen by 
pickling for periods of fifteen minutes and one hour 
in 2:1 hydrochloric acid. The volume of hydrogen 
thus absorbed varied from 0-4¢.c. to 7:5¢.c. per 
100 grammes. In one series of tests the ‘“ gassed ”’ 
wires were immersed immediately in the molten 
brass, while in another they were allowed to rest at 
the ordinary temperature for eight weeks after 
pickling before entering the brazing metal. In this 
period of resting all the hydrogen was liberated from 
the steel. Examination of sections through the wires 
after immersion showed that in all cases the brazing 
metal had penetrated into the steel. The depth of 
penetration was the same in the wires which had been 
degassed by resting as in the corresponding samples 
brazed immediately after pickling. The penetration 
was deeper in the wires pickled for the longer period, 
but was never so deep as in the cathodically “‘ gassed ” 
material. These experiments revealed a_ close 
parallelism between the susceptibility to penetration 
by molten brass and the embrittlement of wires which 
had been charged with hydrogen. ? 

In order te obtain a comparison between the effect 















Fic. 17—Material K Immersed in Molten Brass After Expulsion 
of Hydrogen and Heating 1 Hour at 750 deg. Cent. Etched 
in Ammonia Solution. Magnification 500 Diameters. 


of externally applied stresses and of absorbed hydrogen 
in promoting penetration by brass, tests were made 
on wires of steel K, which were bent cold through an 
angle of 180 deg. around a radius slightly smaller 
than the diameter of the wire. These were then 
immersed in molten brazing metal. Penetration of 
brass was found to occur on the inner side of the bend. 
Wires bent hot and afterwards cleaned from oxide 
showed no penetration on dipping into the brass. 
Stresses introduced mechanically, therefore, have the 
same effect as previously absorbed hydrogen in 
inducing penetration by brazing metal, but pene- 
tration does not occur in stress-free material which 
has not been “‘ gassed.”’ 

Dead-mild steel (DU in Table I), which was dipped 
into the molten brass, withdrawn, and bent while 
the adhering brass was still liquid, always exhibited 
red-shortness, whether it had previously absorbed 
hydrogen or not. Fig. 15 shows how the brass pene- 
trated in this case, forming irregular intercrystalline 
veins. Only when the wire had previously been 
charged with hydrogen were cracks observed away 
from the position of bending. 

Of the two carbon steels included in the investiga 
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tion, the microstructure of Bl showed lamellar 
pearlite, while in that of B2 the cementite was 
spheroidised. Absorbed hydrogen made no difference 
to the behaviour of these wires when immersed in 
brazing metal; in all cases the brass penetrated into 
the steel, following along fine intercrystalline cracks. 
It appears that in these harder steels the sudden 
heating on plunging into the molten brass gives rise 
to stresses sufficient to cause cracks, into which the 
brazing metal enters—Fig. 16. 

It was obviously of interest to determine whether 
the susceptibility to penetration found in wires which 
had been previously gassed with hydrogen could be 
reduced or eliminated by any form of heat treatment. 
Arguing from a possible analogy with cold-drawn 
copper alloys, the tendency of which to crack in an 
ammoniacal atmosphere can be prevented by anneal- 
ing in the region of the recrystallisation temperature, 
it was decided to investigate the effect of heating to 
750 deg. Cent. on the behaviour of previously 
‘“‘ gassed’ steel wires. For this purpose wires of 
steel K were charged electrolytically with hydrogen, 
and the gas was driven off by heating to 400 deg. Cent. 

















Fic. 18—The Sameas Fig. 17, but Heated 10 Hours at 750 deg. 
Cent. Etched in Ammonia Solution. Magnification 4500 
Diameters. 


From previous experiments it was known that after 
this treatment the wires had become embrittled and 
also susceptible to penetration by molten brass. 
Specimens in this condition were heated in vacuo to 
750 deg. Cent. for periods of one, five, and ten hours, 
and were then immersed in the brazing metal. Heat- 
ing for one hour was found to reduce the depth of 
penetration considerably, as shown by a comparison 
of Fig. 17 with Fig. 13. The five hours’ treatment pro- 
duced a greater improvement, and after heating for 
ten hours the wire was practically immune to the 
action of the brass, penetration only occurring to a 
very slight degree in a few places, as shown in Fig. 18. 

These observations explain and reconcile pre- 
viously contradictory reports. It is clear that a cold- 
worked steel is always liable to show cracks filled 
with brass after brazing ; on the other hand, a steel 
which has been annealed, so as to remove the internal 
stresses caused by cold work, is only susceptible when 
it has been pickled after annealing and no further heat 
treatment has been applied. 














Tube Corrosion. 
By F. J. BULLEN. 


MopERN engineering practice is making such 
increasing demands on metals that in some directions 
progress in design is being hampered by lack of suit- 
able materials. Therefore, when a component fails 
it is vital to know whether the metal is (a) faulty, 
owing to defective manufacture ; (b) unsuited to the 
service, owing to incorrect specification; or (c) 
suffering from some factor extraneous to normal 
working conditions. 

In no field of research is a correct answer more 
imperative than with the corrosion of metals. For 
example, despite extensive investigation by many 
workers into the causes of failure of condenser and 
cooler tubes, and despite:the’ improvements in material 
resulting therefrom, tubes still inexplicably fail and 
in some instances after remarkably short periods of 
service. Incorrect diagnosis of any one failure tends 
to retard progress and entails the risk of further 
failures, the consequences of which, particularly in 
the generation of electric power, may be serious and 
costly. 

There is no need to deal with (a) defects in manu- 
facture, as these can be detected with ease, or with 
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Fic. 1 Fic. 2 

(6) incorrect specification ; in a problem bristling 
with uncertainties the merit of this or that make of 
tube is largely a question of experience extending 
over long periods of time. But the following cases are 
selected to focus attention on one potent source of 
trouble, which is extraneous to normal working con- 
ditions and for the most part unsuspected. 

Case A.—Oil and air coolers in turbo-generating 
sets are considered to be easier services for tubes than 
condensers. When, therefore, in a power station 
where condenser tubes had survived many years, 
tubes of the same metal failed in an oil cooler within 
24 years, a search for the cause was manifestly needed. 

The unit was of the vertical type with cooling water 
circulating through the tubes and with the oil out- 
side. Two tubes out of 519 had perforated at middle 
distance, the holes having steep _ vertical walls 
resembling the action rather of a drill than of corro- 
sion. Examination of other tubes disclosed marked 
variations in colour and character of the inside scale 
deposit, but no explanation was forthcoming until, 
during a detailed analysis of the deposit, some of it 
was extracted with ether. On evaporation this gave 
a residue of oil. This occurrence of oil on the water 
side was unexpected. Further search disclosed that 
in some tubes there were comparatively large quan- 
tities of oil ; in others, none at all. 
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Examination of the cooler unit disclosed the cause. 
The tubes had been fitted to the tube plates by expan- 
sion of their ends. Properly carried out, this method 
had left the tube ends as shown in Fig. 1, i.e., with 
the tubes swaged out to a cylindrical shape giving a 
tight fit over the whole area of the hole in the tube 
plate. But with others the expansion had been 
inadequate, leaving the tube end conical, as in Fig. 2, 





factors, one of which is the churning action of the 
pumps. Entangled air from this source is the root 
cause of much trouble. 

When, therefore, a drop of oil settles on a tube, the 
small area so covered becomes inaccessible to the 
oxygen in the water and is in an unaerated state as 
compared with the surrounding metal. It immediately 
becomes the anodic member of an electro-chemical 
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z.e., with the seal consisting merely of an annular 
contact. In such tubes oil was present and its source 
was clear. Oil immediately above the bottom tube 
plate, being at maximum temperature and pressure, 
had seeped through to the water box and thence had 
been carried up through the tubes. Drops of oil had 
adhered to the tube wall, probably where any spin in 
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couple. Since the oil blankets the metal completely 
from the water and therefore air, the gradient of 
differential aeration is unusually steep and the metal 
beneath the oil suffers intense corrosion, resulting in 
perforation of the tube wall in a very short time. This 
can be demonstrated as indicated by the confirmatory 
work on the following outstanding case. 
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the water stream faded away—about halfway up the 
tube. 

Mention has been made of the wide researches into 
the problem of tube corrosion. One of the most 
practical truths so far established is that corrosion 
occurs most readily in places to which oxygen has 
least access, provided such places are in juxtaposition 


Case B.—An oil-tanker was refitted in the South 
Dock, Buenos Aires, the tubes used for the condenser 
being identical with those used on sixteen other 
vessels—some 55,000 tubes—of which not one had 
given trouble over a period of five years. Yet in this 
vessel the tubes began to fail within eighteen months. 
Both owners and suppliers were satisfied that some- 
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to others to which oxygen can penetrate freely. The 
term “differential aeration”’ is both descriptive and 
convenient. 

The circulating water in condensers and coolers 
contains oxygen, both dissolved and free. The amount 
of the first is a function of the temperature and 
pressure, both of which vary across any one unit of 
plant. The amount of the second depends on several 





thing extraneous to normal sea-going service had 
occurred. 

South Dock, Buenos Aires, has a bad reputation 
for condenser tubes, and the first material fact is 
that the new tubes were fitted there. It follows that 
the first pass of water through the condenser was a 
foul one. The tubes would have to cope with water 
known to be bad before they had had any opportunity 
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of acquiring a normal protective scale on a voyage. 
Nevertheless, while such a state of affairs was unde- 
sirable, tubes should not be of so delicate a con- 
stitution as to be unable to stand up to such an 
exigency of service. 

Examination of the tubes, all of which were 
removed, showed that whereas a number of the tubes 
had holed and others were in a precarious condition, 
many were perfect with no signs either of localised 
attack or of general wastage. Omitting all reference 
to the lengthy and tedious process of eliminating 





Whatever the source, oil had indubitably entered 
a number of the tubes. Where it was sufficient 
entirely to cover the inside of any tube the metal 
beneath was untouched; the oil was temporarily 
giving complete protection to the metal. But 
where spots or patches of oiled metal were in juxta- 
position to oil-free metal violent corrosion had 
occurred. From the 1400 tubes concerned it was 
possible to obtain samples showing the sequence of 
events : 
Fig. 3 is an enlarged view of a tube interior, 











FIG. 6 


the various possibilities, it can be stated at once 
that in a number of tubes there was sufficient oil to 
ignite. 

The source of the oil was not established, as this 
vessel never touches home waters. There are several 
probabilities, particularly as this vessel is exceptional 
in having no auxiliary condensers for winches, which 
means that for all dock work the main condensers 
are used. Then, being an oil-burning ship, she has 
the usual fuel tanks, water ballast being used to 
maintain stability in the usual way. Assuming a 


FIG. 7 
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showing drops of oil dried out on the surface. 

Fig. 4 is one stage further on. The oil is being 
hydrolysed in the sea water. Annular corrosion 
of the unaerated metal has begun. 

Fig. 5—the ring in the centre of the photograph 
is now completely made up of metal corrosion 
products, removal of which would show the tube 
to be corroded through to its outer surface. 

This phenomenon can be demonstrated experi- 
mentally : 

Fig. 6 shows a standard cupro-nickel tube, to 
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connection from the oil and ballast tanks to the 
main condenser, it means that in port the ballast 
pump could be used to circulate the main condenser, 
and when “ Finished with Engines ” was rung down 
it would be possible to empty all the oily ballast 
tanks through the condenser while cooling off. 
Alternatively, as this vessel uses her main condensers 
for auxiliary work, it is highly probable that any 
bilge pumping operations carried out in dock result 
in all the oily bilge going through the condenser. 








the outside of which was fixed a piece of oily 
plasticine. It was then immersed in sea water 
slightly acidified with hydrochloric acid to shorten 
the experimental time. 

On removal of the plasticine after 92 hours 
the metal beneath is seen to be severely attacked 
at the periphery under the plasticine. 

Fig. 7 is another specimen after 184 hours. The 
attack has spread over the whole area, which is 
deeply pitted. 
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Fig. 8 shows an intermediate stage with an 
aluminium-bronze tube. 


Case C.—While the two previous cases describe 
the mechanism of oil/water corrosion, it might be 
held that they relate to circumstances of an excep- 
tional nature. The third case is therefore selected 
to indicate a potential source of trouble arising from 
one of the standard methods of packing ferrule glands. 

A number of the motor lifeboats of the Royal 
National Lifeboat Institution are kept afloat at 
moorings. Signs of corrosion of tubes in the oil and 
water coolers became apparent. 

An analysis of the evidence secured over two 
survey seasons established : 


(a) The trouble was limited to boats kept afloat 
all the year round. 

(b) Coolers with tubes sweated into the tube 
plates were free of trouble. 

(c) Even with coolers fitted with packed glands 
and ferrules, the incidence of the trouble was 
seemingly fortuitous, occurring in some boats and 
not in others. 


The tubes in all cases were of identical make. 
By reason of many exceptional factors, the service 
is one of extreme severity, and it became a vital 
matter to find the cause of the trouble and remove it. 

Trouble in oil coolers argued leaky packings 
leading to the phenomena already described. But 
conclusive evidence of this was not forthcoming, 
and when the same trouble appeared in water coolers 
it was plain that the answer lay elsewhere. In the 
end the trouble was identified with the use of oil for 
impregnating the tape prior to packing. One effect 
only need be described. The requisite length of tape 
was soaked in linseed (or other) oil, and packed into 
the stuffing-box. When the ferrule was screwed 
home the packing was compressed and oil squeezed 
out along the outside of the tubes, which, in these 
coolers, is the sea water side. 

The effect resulting from this was a function of 
the quantity of oil in any set of packings. Oil is 
hydrolysed by sea water. A small quantity will 
disappear before it causes much trouble, but if the 
quantity is larger, and particularly if circumstances 
combine to protect it from the water, then the effect 
is one to be reckoned with. In the boats lying at 
tidal moorings a great deal of silt finds its way into 
the coolers, situated as they are below the water 
line. This settles on the top of the tubes, and it 
was here that the corrosion effect was most marked. 
The silt deposit protected and preserved the oil, 
a fact amply confirmed by the recovery of oil from 
beneath the silt in a water cooler twelve months 
after the original fitting. 


Fig. 9 is a view of a tube near the inlet plate 
of a water cooler. After service for one season 
it was possible to see the oil still in situ beneath 
the mud deposit which had settled on top and 
adhered, thus preserving the oil from rapid 
hydrolysis. 

The initial attack on the metal immediately 
beneath the oil had produced a deep channel to 
the shape of the oil patch. Inwards away from 
the edge, the metal was untouched, still having its 
original surface (Cf. Fig. 6). With the passage 
of time the corrosion attack would incorporate 
this wedge-shaped inside area (Cf. Fig. 7), when the 
loosely adherent corrosion products would probably 
be washed off, leaving the tube with a corroded 
area, but with no sign of the original cause. 











This case has a wide practical significance, for 
it establishes the risk attendant upon the common 
use of tape packings soaked in oil. With condensers, 
where the outside of the tubes is the steam side, the 
result may not be so marked, but the use of tallow 
in place of oil is to be recommended. Another 
alternative is some form of metallic packing. 

The detection of oil as the direct cause of tube 
corrosion is seldom easy, for the oil is apt to dis- 
appear long before trouble from leaking tubes is 
experienced ; but it exists in its virulent form for 
a period sufficient to initiate local corrosion, which 
then proceeds of its own impetus. Examination of 
corroded tubes will generally disclose certain peculiar 
features, which, once established by more obvious 
cases as described, can be identified, but the practical 
need in this matter is to recognise the danger of oil 
in water circuits. No metal or alloy, whatever its 
composition, can possibly withstand such an acute 
form of “ anodic ”’ attack, and it is, therefore, vital 
to take every precaution possible to prevent its 
occurrence. 








Bearing Alloys of Lead with Alkaline 
Earth and Alkali Metals. 


In 1915 Frary, in America, and the brothers 
Mathesius, in Germany, noted the hardening effect of 
calcium on lead, and since then efforts have been made 
to develop commercially, these alloys and alloys of 
lead with other alkaline earth and alkali metals. 
Alloys of this type are now used as bearing metals, 
and a very comprehensive and interesting survey of 
their properties and applications is given by L. E. 
Grant in the August and September issues of Metals 
and Alloys. As bearing metals these alloys have not 
been very widely used, for early service experiences 
with them did not realise expectations. It is claimed, 
however, that more satisfactory alloys are now being 
developed, and they are employed quite extensively 
in Germany, and their use in the United States is 
increasing. While it is not considered that they will 
largely displace either lead-tin-antimony alloys or the 
tin-base babbitt metals, they appear likely to find 
more extended use as soft bearing metals. 

There is very little definite information available 
regarding the constitution of the alloy systems 
involved except the lead-calcium and lead-sodium 
alloys. In the former the compound Pb,Ca exists, 
and it is this phase which so modifies the properties 
of lead and makes an alloy suitable for bearings. The 
amount of this phase which can be held in solid solu- 
tion increases with increasing temperature, and in 
consequence the alloys are capable of age-hardening or 
precipitation hardening. Calcium in lead increases 
the tensile and fatigue strength and resistance to 
creep as well as increasing the hardness. The con- 
stitution of the lead-barium system has not yet been 
definitely established. Like the lead-calcium alloys, 
those of lead with barium age-harden. Small amounts 
of barium and calcium in lead together produce a 
greater hardening effect than an equal quantity of 
either element alone. Small quantities of barium do 
not produce sufficient hardening, and when it is 
present in greater quantities the alloy oxidises 
spontaneously. For these reasons alloys of lead with 
barium alone are not regarded as satisfactory for 
bearings. The effect of calcium and barium on the 
hardness of lead is indicated by the figures given in 
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Table I. Little is known of the lead-strontium alloys, 
and although claims for their superiority over other 
lead-alkaline earth alloys have been put forward, 
their much greater cost suggests that their properties 
would have to be much superior for them to find 
general use. 


















Extensive tests on railways and in motor cars are 
being made with Satco metal, but no definite con- 
clusions have yet been drawn regarding its suitability 
in these applications. Good results have been 
obtained with it on one railway for locomotive and 
tender truck bearings, hub liners, and passenger car 
bearings. Although comparisons have been made 





are sometimes added to alloys of lead with alkali and 
alkaline earth metals, but usually in small amounts, 
except in the case of tin. Aluminium is stated to 
exert an anti-drossing influence and to increase the 
resistance of the alloy to oxidation. Both copper and 
magnesium act as hardeners. 

The electrolytic process is the only one used com- 
mercially in the production of alloys of lead with 
alkali or alkaline earth metals. Lead is melted in an 
iron pot and covered with a low melting point mixture 
of calcium and barium chlorides. A graphite anode 
is set in the centre of the pot and electrolysis at 
10 volts is carried on for about three days or until 
sufficient barium and calcium have been alloyed with 
the lead. The resulting alloy is used for adding to 
lead for the preparation of bearing metals. At the 
present time three alloys of this class are used in 
Germany and one in the United States. The com- 
positions of these, as well as that of Frary metal, and 
their Brinell hardnesses at different temperatures, 
are given in Table II. Oxidation is a serious factor 
in the melting and casting of these alloys, and they 
are poured at relatively high temperatures ; that is, 
generally in the range of 450 deg. to 600 deg. Cent., 
which are higher than those normally employed for 
other white metal bearing alloys. These alloys have 
a greater shrinkage solidification and a higher coeffi- 
cient of expansion than the ordinary lining metals. 
They have the further disadvantage of being easily 
spoiled by admixture with either lead or tin-base 
bearing metals, which results in the precipitation of 
hardening elements. Most of them require mechanical 
anchorage for satisfactory service and, with the 
exception of Satco alloy, it is necessary to heat the 
backs to a fairly high temperature and ‘tin ”’ them 
to improve the adherence. 




















se } between this alloy and tin and lead-base alloys, the 
pa re Pees veal results which have been obtained are generally not 
Barium. |Calcium.|Mercury.| Lead. (500 kilos.) after very conclusive. The wiping temperature is close to 
a the solidus and the metal can endure relatively high 
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1:00 | 0-50 — va | 18-7 | 22-2 | 23-5 and wear-resisting qualities and is used in consider- 
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— _ | 500-540 | 410-440 | 470-600 | 620-730 





* These values at 20 deg. Cent. 


{+ 200 kilos. load 10 mm. ball; all others 500 kilos. load 
10 mm. ball. 


car bearings and for lining crossheads and lateral 
plates. A comparison has been made by Jakeman 
and Barr between a tin-base alloy with a Brinell 
hardness of 22-5 and Bahn-Metall having a Brinell 
hardness of 35-5. At loads of over 900 lb. per square 
inch and with a surface speed of 11-4ft. per second 
the lead alloy was unsatisfactory, but at the same 
speed the tin alloy was satisfactory up to 2500 Ib. per 
square inch. Under the same conditions of load and 
speed, however, the lead alloy had a lower friction 
loss up to 65 deg. Cent., probably because of its 
greater hardness. At higher temperatures the tin- 
base alloy had the lower friction loss, but it melts at 
lower temperatures than the lead alloy. The latter, in 
spite of its relatively high hardness, can be com- 
pressed 28 per cent. without cracking. Other work 
by Armbruster and also by Fleischmann indicates 
that Bahn-Metall is not satisfactory for either heavy 
loads at low speed or moderate loads at high speed. 
Herschmann and Basil found the wear resistance of a 
lead-alkaline earth alloy to be about the same as that 
of other lead-base alloys and lower than that of tin- 
base alloys, but that its resistance to pounding at all 
temperatures was better than that of the other two 
alloys. In service testa with main and connecting-rod 
bearings in truck engines the lead-alkaline earth 
alloy was found to wear faster than either other lead- 
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base alloys or tin-base alloys, and according to 
Kuhnel the experience of the German State Railways 
is that Bahn-Metall is not so resistant to wear as a 
tin-base alloy containing 12 per cent. antimony, 
6 per cent. copper, and 2 per cent. lead, which is used 
for axle and rod bearings on locomotives. The tin- 
base alloy used on English railways contains 85 per 
cent. tin, 10 per cent. antimony, and 5 per cent. 
copper, while the lead-base alloy contains 75 per cent. 
lead, 13 per cent. antimony, and 12 per cent. tin. 

While there is some doubt regarding the effect of 
lubricants, especially those containing fatty acids, on 
lead alloys containing alkaline earth and alkali 
metals, there is no evidence to show that they are 
appreciably attacked by commonly used lubricants, 
and in railway tests on Satco alloy there was no indi- 
cation of corrosion. The extent to which a bearing 
alloy may be attacked depends not only on the 
lubricant, but on the working conditions. It has been 
suggested by Bierbaum -that, if it is limited to the 
softer constituents, corrosion of a bearing by the 
lubricant may be beneficial, for small channels may 
be produced and so increase the amount of oil in the 
film, while the capillary affinity of the oil for the metal 
surface may also be improved. 

Although the alkali-alkaline earth-lead alloys will 
not carry as high loads nor function at high speeds as 
well as tin-base alloys, and suffer serious loss of 
hardening elements on remelting and so require special 
precautions, they nevertheless have useful and valu- 
able properties which can be utilised to advantage 
under appropriate conditions. They have a high 
compression strength, hardness and melting point, 
and a low coefficient of friction. Their most promising 
field of application appears to be where an alloy is 
required which possesses properties between those 
exhibited by tin-base and other lead-base alloys. 








Nitrogen Surface-Hardening of 
Iron and Iron Alloys. 


THE surface hardening of certain special steels 
during heat treatment while in contact with ammonia 
gas was discovered in 1920 by Fry,! according to 
whom? “the nitrogen case-hardening process was 
developed to meet a definite practical need, the object 
being to devise a method suitable for the production, 
within very close limits of accuracy, of intricately 
shaped parts having a glass-hard surface—for instance, 
very true-running gears.”” The process when intro- 
duced by the firm of Friedrich Krupp A.G. consisted 
of exposing articles made from special steels con- 
taining aluminium, together usually with chromium 
and sometimes nickel and molybdenum, to an atmo- 
sphere of anhydrous ammonia at a temperature 
approximating to 500 deg. Cent. for a protracted 
period, usually 80 to 100 hours, followed by slow 
cooling. This method of hardening had a number of 
advantages over case-hardening by carburisation, of 
which the most striking were that it could be applied 
after the machining and hardening and tempering 
operations, that little growth or distortion occurred, 
and that the surface produced was extremely resistant 
to abrasion and did not crack or spall under rela- 
tively high local pressure. Although these points 
of superiority are all very real, they were considered 
by some metallurgists to be offset to a marked degree 
by the limited applicability of the process to special 
steels, its protracted nature, and by fears that steels 















subjected to prolonged heat treatment at 500 deg. 
Cent. after hardening and then cooled in a furnace 
might retain only a part of the original core hardness, 
and might indeed become temper brittle. These 
last objections appear always to have been more 
imaginary than real, since Homerburg and Walsted* 
in 1929 were able to state that neither the core hard- 
ness nor the notched bar impact values of the then 
available nitriding steels was adversely affected by 
the nitriding treatment. 

Since 1920 the process has been the subject of 
numerous investigations, and over 100 scientific and 
technical papers dealing with nitriding and closely 
related subjects have been published and a con- 
siderable number of patents have been granted in 
respect of modifications of the process. Research 
has been mainly directed to circumventing the objec- 
tions outlined above, and also to (1) elucidation of 
the origin of the hard surface in terms of physical 
structure and chemical constitution, and to (2) 
measurement of the mechanical and other properties, 
including corrosion resistance, of nitrided steels in 
order to determine the conditions of service in which 
these materials should find application. In the present 
review an attempt is made to summarise the results 
of recent research, particular attention being given, 
to the work of Meyer and his colleagues*»5>®7)§ in 
the Technische Hochschule at Aachen, and to the 
investigations of Jones and Morgan’, !° in this country. 

The hardening of steels in ammonia results from 
reaction between constituents of the steel and atomic 
hydrogen, formed by the dissociation of ammonia. 
There is strong evidence that the dissociation of 
ammonia is catalysed ,by iron and certain other 
metals! and also that hydrogen may decompose 
nitrogen bearing phases present at the surface of 
steels. The conduct of the process demands a stream 
of undissociated ammonia sufficient to carry with it 
the nascent hydrogen, and the most suitable containers 
in which to carry out nitriding are those at the sur- 
face of which ammonia dissociates only to a small 
extent,!?15 thus allowing the maximum reactivity 
at the surface of the work. Jones and Morgan® 
believe that this condition would more adequately 
be satisfied by aluminium than by nickel-chromium 
and other nickel alloys at present in commercial use 
for nitriding containers. These authors have also 
found that aluminium is not itself nitrided, even 
when in the form of filings, during 100 hours’ treat- 
ment at 500 deg. Cent. 

The acceleration of the process has received much 
attention by research workers on the Continent and 
in America. The general consensus of opinion appears 
to be that increase in pressure is usually of no avail, 
whilst increase in temperature is liable to cause 
deterioration of the quality of the surface ; decrease 
in hardness and a tendency to cracking occur.* 14 
Additions of nitric acid and other nitrogen com- 
pounds to the ammonia accelerate the early stages 
of the hardening, but are regarded as having little 
effect upon the case obtained in, say, 100 hours. 
Packing the parts to be nitrided in magnesia, copper 
turnings, &c., is claimed!® to increase the rate of 
case formation, and it has been shown by Jones?® 
that certain austenitic steels, particularly nickel- 
manganese steels, may be hardened to upwards of 
1000 Vickers-Brinell when packed with copper, 
although little hardening occurs in the absence of 
packing. On the other hand, anything which pre- 
vents the free diffusion of gases to the surface of the 
work inhibits hardening. This rule applies not only 
to the coatings of tin,!? nickel,!? stannous oxide,’ 
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aluminium paint usually applied to secure selective 
nitriding, but also to copper films! provided they 
exceed a certain thickness, approximately 0-0006in., 
and to the protective film present on austenitic 
steels of the 18/8 type. An alternative suggestion 
with regard to the acceleration of nitriding was made 
first by Mahoux!*, but studied independently by 
Meyer and his colleagues.*»?7_ This was that high-fre- 
quency oscillations applied during the period of 
exposure to ammonia might set up a series of atomic 
disturbances in the steel which would result in freer 
access of gas and greater reactivity. Meyer, Hilender, 
and Schmidt® found, however, that although depth 
of case was sometimes increased, the accelerating 
effect was confined to a small range of steels, and that 
the surface hardness of material treated under these 
conditions was apt to be non-uniform. 

As has been mentioned above, the main limitation 
of the process as introduced lay in its applicability 
only to certain special and consequently expensive 
steels. In this country steels of the chromium- 
molybdenum-aluminium type still hold the field as 
regards commercial nitriding, whilst in America 
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vanadium steels are also in use. Fry? has drawn 
attention to the desirability of comparatively soft 
nitriding steels, which allow of parts being more 
easily machined prior to nitriding, and has suggested 
that this demand is best met by steels capable of pre- 
cipitation hardening at the nitriding temperature. 
He points out that precipitation hardening is unfor- 
tunately generally sccompanied by decrease in 
impact value. This subject of precipitation harden- 
ing nitriding steels has constituted one of the lines 
of investigation carried out by Meyer and his co- 
workers,’”>* who have now developed a steel con- 
taining 0-52 per cent. carbon, 3-2 per cent. titanium, 
3-6 per cent. silicon, 0-5 per cent. aluminium, and 
1 per cent. chromium, which, when quenched from 
1100 deg. Cent., has a hardness of about 300 Brinell. 
During nitriding for twenty-four hours at 500 deg. 
Cent. the case hardens to above 1000, whilst the core 
hardness rises, as a result of the separation of titanium 
from solid solution, to about 600, as is indicated 
in Fig. 1. Steels of the usual nitriding types, but with 
high sulphur content, 0-15 per cent. sulphur, have 
been described in the literature!” as free-cutting 








nitriding steels, and it has been stated that although 
the elongation and impact values of these steels are 
lower than those of the corresponding “ normal ” 
steels, these values are sufficiently high for most 
applications.1® 

Both Jones’ and Meyer and Schmidt® have given 
considerable attention to the nitriding of chromium 
steels, the possibility of nitriding, which was probably 
first realised as a result of Adcock’s*! remarks upon 
the difficulties inherent in preventing nitrogen con- 
tamination of pure iron-chromium melts and his 
hardness measurements upon alloys containing 
nitrogen. The German investigators examined a 
series of iron-chromium alloys containing 0-03 to 
4 per cent. chromium, together with 0-02 per cent. 
carbon, which had been nitrided for thirty-six hours 
at 550 deg. Cent., and found that the surface hardness 
increases at first rapidly with chromium content 
from 38 to 69 (Rockwell C hardness scale), with 
0-59 per cent. chromium, and then more slowly to 
79 with 1-5 per cent. chromium. Further increase 
in chromium content had no sensible effect upon the 
attainable surface hardness. The corresponding 
experiments of Jones were conducted upon a series of 
commercial steels of appreciable carbon content, 
which sometimes contained other alloying elements 
such as nickel and molybdenum. He found that 
with low chromium steels (up to 3 per cent. chro- 
mium) considerable surface hardness, which rarely 
equalled that attained by aluminium bearing steels, 
was accompanied by good case-depth and core 
strength, whilst with steels of higher chromium con- 
tent (up to 18 per cent. chromium) a surface hard- 
ness exceeding that reached by commercial nitriding 
steels could be attained, but then the case was very 
shallow. Jones has also studied the nitriding of 
austenitic steels, both of the manganese and nickel- 
chromium types. With the manganese steels ex- 
tremely hard surfaces (1300 Vickers-Brinell) were 
attainable under the ordinary conditions of nitriding, 
whereas with steels of the 18/8 type removal of the 
surface film by thinly plating with copper or by 
etching in 50 per cent. hydrochloric acid was neces- 
sary to secure uniform hardening. Nitriding of such 
steels was most successfully carried out when the 
pressure of ammonia was increased to about 800 mm. 
of mercury. 

The scope of nitriding operations has been con- 
siderably widened also as the result of the discovery 
of Hurst!® that suitably alloyed cast iron could be 
nitrided under normal conditions to e surface hard- 
ness of the same order as that attained by nitriding 
steels. 

An attempt to avoid the limitation of basis material 
in quite another manner was the subject of a recent 
American patent,?° the holder of which takes articles 
made from ordinary steels and treats them by immer- 
sion in molten aluminium, until the aluminium has 
diffused into the steel to a depth of approximately 
j;in., and then nitrides them in ammonia in the usual 
manner. 

During nitriding the weight of a steel specimen 
increases. This gain in weight has been shown by 
Jones and Morgan® to be a measure of the absorption 
of nitrogen by the specimen, as had been assumed 
in the earlier work of Coffman.44 As Harder, Gow, and 
Willey*4 have pointed out, nitriding is always accom- 
panied by some decarburisation of the surface layers ; 
hence the weight of nitrogen absorbed must exceed 
slightly the gain in weight of a specimen. The 
nitrogen absorption varies both with the nitriding 
temperature and with the composition of the speci- 
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men, being greater for pure iron than for alloys. 
The surface hardness and depth of case do not appear 
to be simply related to the amount of absorbed 
nitrogen. Examination of nitrided iron and steels 
by microscopical and X-ray?! 2?,23,24 methods have 
shown that three phases are generally present in 
the hardened surface, namely, a surface layer of the 
hexagonal epsilon phase followed by a layer of the 
phase-centred cubic gamma phase, and the main 
mass of body-centred alpha phase, into which nitride 
needles penetrate to a greater or lesser depth, accord- 
ing to the composition of the steel. The three phase 
layers are very clearly shown in Fig. 2, which is a 
reproduction of a photo-micrograph from Meyer 
and Schmidt’s paper. The presence of aluminium 
nitride has never been observed in a nitrided steel, 
and Hagg** believes that the aluminium in a nitrided 
steel is present in solution in the iron nitride phases. 
The X-ray work of Norton*‘ has, however, established 
that aluminium nitride is present, but in so fine a 
state of division and possibly also in such small per- 
centage, that characteristic reflections are not 











Fic. 2 


observed in X-ray spectra. His explanation of the 
hardening of steels by nitriding does not cover such 
cases as the pure chromium-iron alloys studied by 
Meyer and Schmidt.* In these steels there is strong 
evidence from nitrogen analyses of layers that a con- 
siderable proportion of nitrogen passes into the alpha 
phase. There is, however, some doubt as to the 
precise significance which can be attached to such 
figures, since those cited by the different authorities 
lie in quite different orders. As will be seen from 
Fig. 3, the concentration of nitrogen at the surface 
of a 1-16 per cent. chromium alloy which had been 
nitrided was determined by Meyer and Schmidt as 
approximately 5 per cent., whilst that at a depth of 
0-75 mm. was approximately 0-03 per cent. Jones 
and Morgan,® on the other hand, found 0-4 per cent. 
of nitrogen at this depth in a nitrided 1-6 per cent. 
chromium ‘steel. Jones and Morgan, and also 
Harder and Todd,” regard the epsilon phase as soft, 
and the latter point out that the hardness of the 
alpha phase near the surface of a nitrided alloy steel 
usually approximates to the peak hardness value. 
Meyer and Schmidt believe that the hardness at the 
surface of a nitrided chromium-iron alloy is connected 
with the formation of complex double nitrides of 
iron and chromium, a view which is to some extent 
shared by Jones, and support this contention by 
evidence as to the parallelism of the behaviour as 
regards hardness changes of nitrided steel on reheating 














and the precipitation hardening of iron-chromium 
alloys melted under nitrogen and quenched. Wood? 
has drawn attention to the abnormal weakness and 
diffuse nature of the X-ray spectra yielded by nitrided 
steels, which he regards as definitely being attri- 
butable to lattice distortion within the alpha phase. 
In this connection it may be pointed out that Meyer 
and Schmidt regard ferrite as the ‘‘ vehicle ” essen- 
tial to nitriding, and that Jones! has observed that 
austenitic steels which had been successfully nitrided 
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were at least partially converted to alpha iron at 
the surface, as indicated by their magnetic properties. 

These steels lose, he states, a large proportion of 
their resistance to corrosion as a result of nitriding. 
This observation appears to be at variance with the 
statement of Satoh®® that nitrided austenitic man- 
ganese steels are completely immune to attack by 
sea water, and is surprising when one considers the 
normal nitriding steels. These steels, which consist 
mainly of alpha iron, are singularly resistant, when 
nitrided, to most forms of corrosive attack, and have 
also remarkable properties in withstanding con- 
ditions of corrosion fatigue?* 27,28 and of erosion.?® 
Coffman!! has stated that nitrided aluminium- 
bearing steel is one of the few materials which will 
stand up indefinitely to the atmosphere of Pittsburg. 
The resistance of some nitrided steels to mineral 
acids is, however, less than that of the same steels 
prior to nitriding, according to Guillet and Ballay,*° 
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The Electro-Deposition of Metals. 
By H. MOORE, C.B.E., D.Sc. 


THE coating of one metal with another for the 
purpose of giving it a more attractive appearance, a 
greater resistance to corrosion or a desirable surface 
property of some other kind, is one of the commonest 
uses of metals. Among the various ways of applying 
such coatings, electro-deposition, although a long- 
established process, is now becoming more important, 
and its further possibilities are arousing wider interest. 
The market for plated finishes has expanded in conse- 
quence of industrial developments, especially in the 
motor car industry, while the competition of alter- 
native non-metallic finishes and of stainless metals 
has led to a more insistent demand for high quality in 
plated surfaces. 

Silver plating, nickel plating, and a few other 
processes of electro-deposition reached an advanced 
stage of practical development many years ago, and 
little further progress was made until comparatively 
recently. The rapidity with which the use of chro- 
mium plating has extended has been the most strik- 
ing feature in this field in the last few years, but is 
only one result of the intensive scientific study of 
the electro-deposition of metals to which a number 
of laboratories in Europe and America are now 
devoted. This study has been prompted by the 
realisation of many deficiencies in commonly used 
electro-plating processes and in the coatings produced, 
and by the hope of useful applications of electro- 
plating with other metals. 

Attention has been given to almost every metal 
capable of being electro-deposited as a coating useful 
for protection, decoration, or building up. Much 
work has been carried out on the control of adhesion, 
uniformity, porosity, and cracks, and on the decora- 
tive and protective qualities of the coating. The 
physical properties of electro-deposits (of nickel, for 
example) are capable of modification through a wide 
range by varying the conditions of deposition, while 
the deposition of alloys offers further prospects, very 
incompletely explored so far, of obtaining deposits 








having properties specially suitable for some purpose 
in view. 

Research in electro-deposition in this country has 
been encouraged and substantially assisted by the 
Department of Scientific and Industrial Research. 
In 1926 the Department set up a Committee and 
provided it with funds to undertake ‘‘ comprehensive 
researches bearing on industrial problems of electro- 
deposition,” which were put in hand at the University 
of Sheffield, the Royal Aircraft Establishment, Farn- 
borough, and the Research Department, Woolwich. 
These three laboratories were well known for their 
previous investigations in the subject. Work for the 
Committee is still in progress on a considerable scale 
at Woolwich, the researches at Sheffield and Farn- 
borough having been brought to a conclusion. 

Very shortly before the initiation of the Committee’s 
work, the Electrodepositors’ Technical Society held 
its first meeting. This active and progressive society 
includes in its membership not only research workers, 
but also many of those in control of the operations 
of industrial plating. It thus provides a direct link 
between research and industry, as well as a medium 
for the publication of work such as that sponsored 
by the Department of Scientific and Industrial 
Research. Numerous papers from Woolwich, Farn- 
borough, and Sheffield University have appeared in 
its Journal, while many others have been published 
in the ‘“‘ Transactions’ of the Faraday Society and 
elsewhere. A useful development, based on the 
increased scientific knowledge gained and dissemi- 
nated in these ways, is the increasing tendency to 
formulate and use exact specifications instead of rely- 
ing on the rule-of-thumb methods of the old-fashioned 
plater. 

The work at Sheffield University was mainly con- 
cerned with internal stress in electro-deposited coat- 
ings and the adhesion of deposits to the basis metal, 
while the Farnborough researches dealt with the 
electro-deposition of zinc and of cadmium on alumi- 
nium and on light alloys as a protection against 
corrosion. Some of the main results of the series of 
researches (chiefly on nickel deposition) conducted 
in the large and well-equipped electro-deposition 
laboratory built a few years ago ‘at the Research 
Department, Woolwich, may be summarised as 
follows :— 

Pitting.—This trouble in deposits is due to gas 
bubbles clinging to or forming on one'spot of the 
surface of the cathode. ‘“‘ Basis-metal pitting,” 
caused by defects in the basis metal which favour 
bubble formation, may be greatly reduced or pre- 
vented by removal of the surface layer by grinding, 
by other methods of preparing the surface, or, in the 
case of steel by preliminary deposition of a film of 
copper. ‘‘ Solution pitting,” so termed because it 
is due to some peculiarity of the electrolyte, may 
occur with pure solutions, or it may be caused by the 
presence of impurities, especially organic matter. 
In pure solutions, the ultimate cause of pitting was 
found to be flocculated basic material present in the 
gas-liquid interface close to the cathode. The basic 
material is formed initially in the collodial state, but 
it may be flocculated by the electrolytes present ; 
chloride ions, for example, exert a flocculating action, 
thus encouraging pitting, whilst alkali metal ions 
tend to stabilise the colloidal form, thus reducing 
pitting. The serious pitting caused by certain 
impurities is probably due to their flocculating action 
on the colloidal basic material. Pure solutions 
operating at high hydrogen ion concentration (low 
pH) will give freedom from pitting. Pitting may 
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also be prevented by the addition of certain 
oxidising agents to the solution, but this must be 
done with caution, as excess renders the nickel 
deposit hard, brittle, and often also cracked. Although 
the work on pitting was carried out mainly with 
nickel deposits, the results have a wider application. 

Mechanical Properties—The hardness of metals 
electro-deposited under certain conditions has been 
commonly thought to be due to a high hydrogen 
content of the deposited metal. In the case of nickel, 
it has been shown that basic material precipitated in 
the liquid close to the cathode face is responsible 
for the production of hard deposits, and that the 
hardness is not dependent on the amount of hydrogen 
liberated at or absorbed by the cathode. The basic 
material appears to be formed initially in the colloidal 
state and being positively charged it migrates to the 
cathode, and is included in the deposit, raising the 
hardness of the metal by restraining crystal growth. 
The control of this factor, and the relation of hard- 
ness, tensile strength, and ductility of the deposited 
metal to the conditions prevailing in the depositing 
bath have been so worked out as to permit the pro- 
duction of nickel deposits having properties best 
suited for particular conditions of service. Any 
desired hardness may be obtained within a wide range. 
Relatively hard fine-grained deposits most readily 
take a fine polish. 

Adhesion.—Methods for quantitatively determin- 
ing the adhesion of the deposit to the basis metal 
have been worked out, and the factors affecting 
adhesion ascertained. Frequently the basis metal 
has initially on its surface a thin film of heavily cold- 
worked material which is very susceptible to hydrogen 
embrittlement during deposition, and is thus a source 
of mechanical weakness. The technique of avoiding 
these embrittled layers has been established in the 
deposition of nickel on brass, with a resulting saving 
of cost in the production of nickel-coated brass articles. 
Further applications of the same principle are in view. 

Other sections of the Woolwich work have resulted 
in simple and effective tests, which can be applied 
quantitatively in many cases, for porosity in electro- 
deposits of several different metals. Practical methods 
of determining thickness of deposited coatings have 
also been established. Procedure by which internal 
stress in deposits may be controlled or avoided has 
been worked out, largely on the’ basis of the results of 
the work done at Sheffield University. 

The aspects of the work to which attention has 
here been directed are mainly those of practical 
importance to the plater and to the user of electro- 
plated articles. The researches so briefly reviewed 
above have also thrown much light on more funda- 
mental problems, and it is by means of a truer and 
more complete understanding of the physical chemistry 
of the electro-deposition of metals that the trend of 
electro-plating practice generally is likely to be 
influenced and improved. It is not too much to say 
that the study of the formation of colloidal basic 
material, at or near the cathode surface, and of its 
various effects on the properties of the deposit, has 
put the mechanism of nickel electro-deposition in a 
new light. This work is likely to be fruitful in many 
other directions. 

Knowledge of the factors affecting the properties 
of deposits has been notably advanced by the work 





of the Electro-deposition Committee, and has un- 
doubtedly led to improved control of plating processes 
and to a higher standard in the industry, which is 
gradually adopting a more scientific outlook. Many 
problems remain, and further advances in such direc- 
tions as the control of porosity and the adhesion of 
electro-deposits to various metals would directly 
benefit the plating industry. 

The Department of Scientific and Industrial 
Research, which has borne the considerable cost of 
the Electro-deposition Committee’s work throughout 
the past nine years, considers that a thorough and 
striking demonstration has been provided, at the 
expense of the Government, of the practical value of 
research to the industries producing or utilising 
electro-plated articles, and that industry should now 
provide means for continuing investigations in the 
subject. Research on a co-operative basis is regarded 
as the most promising plan, and with this in view the 
Department has come to an arrangement by which 
the control and the financial responsibility of its 
Woolwich work on electro-deposition is to be taken 
over by the British Non-Ferrous Metals Research 
Association. This body already includes some electro- 
plating interests, has been closely associated with the 
Electro-deposition Committee, and has also financed 
independently for a good many years research on this 
subject. Indirect support would still be given by 
the Government under the proposed scheme, since 
the Association is likely to receive a substantial 
annual grant, dependent on the amount of its indus- 
trial income, during the next five years. 

There are still some outstanding questions in nickel 
electro-deposition on which work at Woolwich might 
be carried much further with excellent prospect of 
practically useful results. Other lines of investiga- 
tion have also been started and good progress has 
been made in research on chromium plating, which 
naturally follows the investigation of nickel plating, 
since chromium plating is usually a very thin layer 
of chromium on a thicker undercoating of nickel. 
The best quality of chromium plating of this type is 
remarkably resistant and durable, but the decorative 
and protective value of chromium coatings is still 
limited by their tendency to cracking. The produc- 
tion of electro-deposited chromium coatings free 
from cracks is now being seriously attacked at Wool- 
wich. Further work is needed on the electro-deposi- 
tion of zinc, tin, cadmium, cobalt, and the precious 
metals (platinum, palladium, rhodium, iridium, &c.), 
on the electro-deposition of alloys, on the application 
of plating to basis metals not readily amenable to 
the process at present, and on general questions, 
such as preliminary cleaning and other preparation 
of the basis metal, adhesion, internal stress, porosity, 
the building up of thick deposits, and the production 
of hard deposits resisting abrasive wear and of 
deposits resistant to oxidation at high temperatures. 

It is evident that there is a wide field for further 
research in the electro-deposition of metals and that 
industrial investment in this direction may be assured 
of a good return. The future possibilities of electro- 
deposition are by no means neglected abroad, and 
adequate support of research in this country is the 
way to avoid the payment of tribute for the use of 
successful processes which may be developed else- 
where. 
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